According to the classical Archimedes' principle ice floats in water and has a fraction of its volume above the water surface. However, for very small ice particles, other competing forces such as van der Waals forces due to fluctuating charge distributions and ionic forces due to salt ions and charge on the ice surface also contribute to the force balance. The latter crucially depend on both the pH of the water and the salt concentration. The role of these forces in governing the initial stages of ice condensation has never been considered. Here we show that small ice particles can only form below an exclusion zone, from 2 nm (in high salt concentrations) up to 1 µm (in pure water at pH 7) thick, under the water surface. This distance is defined by an equilibrium of upwards buoyancy forces and repulsive van der Waals forces. Ionic forces due to salt and ice surface charge push this zone further down. Only after growing to a radius larger than 10 µm will the ice particles eventually float towards the water surface in agreement with the simple intuition based on Archimedes' principle. Our result is the first prediction of observable repulsive van der Waals forces between ice particles and the water surface outside a laboratory setting. We posit that it has consequences on the biology of ice water as we predict an exclusion zone free of ice particles near the water surface which is sufficient to support the presence of bacteria.
Introduction
It is well known that ice growth usually starts on a water surface due to differences in density of water and ice. In this paper we present calculations that suggest, however, that the initial ice formation in ice cold water does not always occur at the water-air surface but as an aggregation of small clusters at some distance below. It has been discussed in the literature that the so-called frazil ice can form as thin structures of ice mixed among the ocean surface layers by turbulent fluid motion as long as the buoyancy force is not large enough to lift them to the surface (1, 2) . For small clusters, we find a stable equilibrium separation from the water surface, where the repulsive van der Waals forces and the buoyancy force due to gravity balance each other. As the cluster grows, the buoyancy force scales stronger with the cluster size than the Lifshitz force and the clusters start rising towards the surface. Eventually, the cluster starts to float on the water, but with repulsive Lifshitz forces establishing a thin layer of water at the ice-air interface, as studied previously (3) (4) (5) (6) (7) (8) (9) .
We present calculations describing explicitly how the dispersion interaction of small ice clusters of the order of few nanometers in radius, and larger ice particles (modeled here as spheres) in water at temperature T = 273.16 K exhibits repulsive-attractive force transitions near a water surface. The dispersion (i. e., Casimir-Polder, van der Waals or Lifshitz) force combined with buoyancy force drives the ice cluster close to the water surface. Planes of ice spheres are involved at an initial stage in ice formation near a water surface. Our simplified model systems are shown in Fig. 1 . Comparing the sphere radius to the separation of the sphere from the water-air interface, we consider the two extremes of small spheres (Casimir-Polder interaction) and large spheres (Lifshitz interaction). The former drives the ice cluster (together with buoyancy force) towards the water surface. For the latter case, given the short distances between the the ice sphere and the water surface compared to the sphere size, it is realistic to use the Derjaguin approximation combined with the Lifshitz interaction. Based on analysis of the separations where repulsion is observed, the model in subfigure (ii) of Fig. 1 is more appropriate for ice clusters considered to be substantially larger than 100 nm. The resulting Lifshitz force is compared with the net buoyancy force, and we give estimates for the maximum ice sphere size for which repulsive Lifshitz force overcomes the gravitational buoyancy force. In order to make firm predictions we need to extend the theory to account for
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(ii) the presence of surface charges. We demonstrate that double layer forces push the tiny ice clusters further from the surface.
Once the ice clusters reach a size of around few hundred micrometers, it will become dominated by buoyancy force and show the expected behaviour described by the Archimedes principle. We start with a description of the theory used to calculate buoyancy, van der Waals and double layer forces. We then discuss how these forces combine to stabilize tiny ice clusters below the water-air interface.
Theory
In order to evaluate the forces on an ice particle near the air-water interface, we follow the philosophy of the theory of colloidal stability developed by Derjaguin and Landau (10), and Verwey and Overbeek (DLVO theory) (11) . This theory separates the Lifshitz (van der Waals) force fL acting on the ice particle from salt forces f salt (electrostatic and entropic) arising from adsorption of ions and associated effects on the charge of the ice surface. Alongside these conventional DLVO forces we add the buoyancy force f b due to gravity, so the total force acting on the ice particle is
where l is the distance between the ice surface and the airwater interface; see Fig. 1 . In this manuscript we evaluate the equilibrium distance leq, where the forces are in balance, stabilizing the position of the particle with ftot(leq) = 0.
A. Buoyancy force. Since ice is less dense than water, the buoyancy force f b is attractive, pushing the ice particle in water towards the water-air interface. While the particle is fully submersed in water, the buoyancy force is independent of l, with
where a is the spherical radius of the ice particle. ρice = 9.167 × 10 3 kg m −3 and ρwater = 9.998 × 10 3 kg m −3 are the mass densities of ice and water, respectively (12) , and g is the gravitational constant 9.8 m s −2 . The buoyancy force could be extended further to include the case of l < 0 for large ice particles, where the top of the ice particle rises above the air-water interface (the iceberg effect), which may also involve curvature of the air-water interface at the 3-phase contact point (13, 14) . However we are interested in the case of microparticles with l > 0, for which the constant buoyancy force of Eq. 2 applies. The attractive buoyancy force, normalised by particle size (vis-à-vis a 3 ) therefore assumes a
B. van der Waals Interaction. We represent the van der Waals interaction on the ice particle using the retarded Lifshitz force acting on a large ice sphere near a water surface (when a l = z − a where l is the distance between sphere surface and water surface; see right subfigure in Fig. 1 ) as given from the Derjaguin approximation. The force is then fL(l) = 2πaF (l), where F is the Lifshitz free energy per unit area between parallel surfaces a distance l apart (15, 16) 
where kB is the Boltzmann constant and T the temperature. The prime indicates that the n = 0 term carries a weight 1/2. The spectral functions for s-polarized (transverse electric) and p-polarized (transverse magnetic) modes g
The reflection coefficients are given by
and the transversal part of the wave vector in the i-th layer γi(iζn) = q 2 + (ζn/c) 2 εi. To model dispersion forces acting on an ice cluster near a water-air interface we acquire the dielectric functions for ice, ε
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The Lifshitz interaction, modulated for a curved particle using the proximity force (Derjaguin) approximation, is appropriate for conditions where the distance l between the ice particle and the water-air interface is small relative to the radius a of the ice particle. At longer distances, the CasimirPolder representation of the van der Waals force (17-19) could be employed. But we find this long range Casimir-Polder force to be weak relative to buoyancy (see Supporting Information). A particle far from the air-water interface will move upwards under buoyancy, until it reaches distances at which the Lifshitz (or salt) force starts to dominate over buoyancy.
C. Salt and Charge Effects. Alongside buoyancy and the van der Waals interaction, an interaction between the ice particle and the water-air interface arises due to charge on the ice surface and consequent physisorption of salt ions. This force is repulsive, driving the ice microparticle further away from the air-water interface. The surface charge of ice can be described with an amphoteric charge regulation model (20 
These parameters provide an isoelectric point of 3.5. We also apply Kallay's description of the chemisorption of salt anions:
(pK NO 3 = +3.1). [9] We use Parsons and Salis' theory to describe the surface charge and chemisorption free energy under competitive binding conditions (including double binding of H + and NO -3 ) (21). Here we use only the electrostatic potential to determine ion concentration profiles, i.e. we neglect nonelectrostatic interactions such as ion dispersion (these are important for describing specific ion effects, but not for the broad ice-water interactions studied here). We determine the electrostatic potential and ion profiles using the Poisson-Boltzmann model, implemented using finite element methods (22) . That is, ion concentration profiles are determined from the electrostatic Boltzmann distribution, ci(z) = ci0 exp(−qiψ(z)/kT ), where ci0 is the bulk concentration of ion i. The electrostatic potential is obtained by solving Poisson's equation, ∇εvacε0∇ψ = − i qici(z). The calculated surface potential and surface charge of ice in various salt concentrations and pH are provided in Supplementary Information.
The electric field and ion concentration profiles provide contributions to the interaction force between the ice particle and the water-air interface (applying the Derjaguin approximation) f salt (l) = 2πa(F el + Fen), [10] where F el refers to the electrostatic surface free energy of a flat ice surface,
with E = −∇ψ, and Fen is the entropic configuration energy 
Results and discussion
We first discuss the balance of van der Waals and buoyancy forces alone and the resulting equilibrium distances owing to this balance for spheres of growing size a. We then proceed to study the same with the inclusion of salt effects.
A. Balance of van der Waals and buoyancy forces.
We consider how the van der Waals force alone balances against buoyancy, taking a system of pure ideal water represented by its dielectric spectrum alone, with no ions in solution and no charge on the ice surface. Physically this corresponds to the system at the isoelectric point, or to highly saline water where charges are screened. The Lifshitz force under the Derjaguin approximation scales with the first power of the sphere radius a, displayed in Fig. 3 (we note that the Casimir-Polder force application to very long distances scales to the third power of radius, and is inadequate to balance the buoyant force which scales the same; see Supporting Information). We find a repulsive dispersion force at small distances. The repulsive to attractive force transition can be roughly estimated to take place at ltransition ≈ c/(2ζc εwater(ζc)), where ζc is the frequency at which ice and water dielectric functions cross. Here, ζc ≈ 1.6 × 10 16 rad s −1 and εwater(ζc) ≈ 1.5 which gives ltransition to be approximately 7.7 nm. In practice one needs to perform the calculations in detail to get the actual equilibrium distance, since it depends on sensitive cancellations between positive and negative contributions.
The balance of the dispersion force against the buoyancy force, where f b + fL(leq) = 0, results in a size-dependent equilibrium distance leq, displayed in Fig. 4 . For all predicted values of sphere size and corresponding equilibrium distance, the distance is orders of magnitude below the radius, so that our description with the Derjaguin approximation is well satisfied. We observe that with increasing size of the ice sphere the layer of water between ice and air decreases. Eventually, the ice structures are so big that they reach the water surface due to the buoyancy force which of course is in line with the classical Archimedes' principle. The final stages of sphere growth and corresponding approach to the water-air interface can be understood from a simple analytical model. 
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so that
It follows that experimental measurement of the equilibrium distance for ice particles of different radii could be used to determine the van der Waals coefficient C.
B. Balance of salt, van der Waals and buoyancy forces.
The addition of salt introduces two significant variables: the pH of the aqueous solution, and the concentration of salt. The pH controls the ice surface charge. The case considered above, balancing van der Waals forces only against buoyancy, roughly corresponds to behaviour at the isoelectric point (IEP) at pH 3.5, where the ice surface has no charge and therefore minimal adsorption of ions occurs. The full behaviour at the IEP, showing the equilibrium distances varying with the radius of the ice sphere for various background concentrations of salt (NaNO 3 ), is charted on Fig. 5 (using ice model 12,   12 ice ). The behaviour of the equilibrium distance is similar to that found for the balance with the pure van der Waals interaction in Fig. 4 . Buoyancy causes large ice particles (a > 1 cm) to make contact with the water-air interface, while an equilibrium distance as large as 2-7 nm is found for microscopic particles (a < 10µm). The microscopic equilibrium distance varies with salt concentration. At the lowest concentration (1 mM salt) the salt effect is negligible and the particle follows the pure van der Waals balance with an equilibrium distance around 2 nm. At high concentration (100 mM), salt effects are screened (the Debye length becomes shorter than the length scale of the van der Waals interaction), so again the behaviour follows the pure van der Waals case. In between, the salt effect induces repulsion due to the entropic contribution from the ion adsorption layer, Fen (Eq. 12). This salt-induced repulsion pushes the equilibrium distance out as far as 7 nm when the salt concentration is 4 mM.
For comparison, in Fig. 6 we show the equilibrium distances in neutral water (pH 7) at various salt concentrations. In this case the ice surface in 0.1 mM salt develops a relatively strong charge (−0.0024 C/m) and the repulsive impact of the ion adsorption layer is stronger, pushing the equilibrium distance out beyond 200 nm. But electrostatic screening at higher concentrations quenches the salt effect quite quickly. Already at 10 mM concentration, the system at pH 7 behaves equivalently to the pure van der Waals case with an equilibrium distance below 3 nm. We note that the transition point between macroscopic particles (contacting the water-air interface) and microscopic particles (repelled away from the water-air interface) occurs consistently at the same particle size, around 10-100 µm. Interestingly in pure water (with H + and OH -at 10 −7 M) the equilibrium distance becomes as large as one micron because of the low level of screening.
The limiting microscopic equilibrium distances (evaluated for ice particles with radius a < 0.1 µm) are collected as a function of pH for various background salt concentrations in Fig. 7 . At a given salt concentration salt-induced repulsion is found both above and below the isoelectric point. That is, the isoelectric point expresses as a relatively narrow peak, drawing microparticles closer towards the air-water interface where at other pH they would be pushed away. This isoelectric peak is seen clearly until salt concentrations rise to 50 mM, at which point the IEP simply provides a dip between low and high pH. We see that concentration affects the apparent position of the IEP, with the IEP peak moving from pH 3.5 in 1 mM salt to pH 4 in 100 mM salt. For reference, the surface charge and potential of the ice surface is shown in Supplementary Information.
The effect of concentration, as already seen, is to screen the impact of salt-induced repulsion. (in the case of pH > IEP) and above 50 mM concentrations (pH < IEP), repulsion is dominated by the van der Waals interaction.
C. Consequences for Life. We observe in Fig. 6 that an exclusion zone free of small ice particles (less than 50 µm radius) is formed at the air-water interface. In low salinity water the exclusion zone may be several 100 nm thick, exceeding the size of biomolecules extruded by microorganism to form biofilms. Indeed, in pure water associated with freshly melting ice the exclusion zone is 1 µm, larger than the size of some bacteria. As larger ice particles penetrate the exclusion zone, the presence of smaller ice particles outside may induce an attractive depletion force helping any such biofilm or bacteria to adhere to large ice particles. This mechanism may contribute to the relatively greater number of bacteria observed at surfaces of arctic sea ice and glacial ice (23, 24) . Exclusion of small ice particles may aid the adhesion of bacteria to large ice particles at the air-water interface.
Conclusions
We have recently investigated how thin films of ice can start to grow on a water-solid interface due to Lifshitz forces. (25) Here we have considered how ice growth occurs at a water surface. It is known that Lifshitz forces by themselves are not sufficient to cause an ice film to grow at a water-air surface (9) . In the early stage of ice growth we suggest that Lifshitz-Derjaguin and double layer forces between ice structures and water surface cause small ice structures to accumulate in an equilibrium layer near a water surface. These aggregate to micrometer sized ice particles until gravity causes them to rise to the water-air surface. One would expect ice to cross the water surface when it comes very close. At this point there will be no Lifshitz repulsion and the ice will float with fraction above the water surface. As is well known in the equilibrium system for large particles, ice floats on water, possibly with a thin film of premelted water when ice is in contact with air (3).
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